Abstract For establishing nitrification in prawn (non-penaeid, salinity 10-15 ppt) and shrimp (penaeid, salinity 30-35 ppt) larval production systems, a stringed bed suspended bioreactor (SBSBR) was designed, fabricated, and validated. It was fabricated with 5 mm polystyrene and low density polyethylene beads as the substrata for ammonia and nitrite oxidizing bacterial consortia, respectively, with an overall surface area of 684 cm 2 . The reactors were activated in a prototype activator and were transported in polythene bags to the site of testing. Performance of the reactors activated with the nitrifying bacterial consortia AMONPCU-1 (ammonia oxidizers for non-penaeid culture) and NIONPCU-1 (nitrite oxidizers for non-penaeid culture) was evaluated in a Macrobrachium rosenbergii larval rearing system and those activated with AMOPCU-1 (ammonia oxidizers for penaeid culture) and NIOPCU-1 (nitrite oxidizers for penaeid culture) in a Penaeus monodon seed production system. Rapid setting up of nitrification could be observed in both the static systems which resulted in a higher relative per cent survival of larvae.
Introduction
High levels of ammonia and nitrite undermine commercial production objectives in the aquaculture industry as the toxic impacts are manifested through impaired growth or chronic diseases (Manthe et al. 1985; Cheng et al. 2004 ). The toxic effects of ammonia are more pronounced during the early developmental stages (Wajsbrot et al. 1993; Guillen et al. 1994) as it has been demonstrated that the tolerance of larval Penaeus monodon to ammonia increases as the larvae metamorphose to postlarvae. A conservative estimate of the ''safe level'' of ammonia for rearing larval P. monodon on the basis of an estimated 96 h LC 50 was 0.01 mg l -1 NH 3 -N (Chin and Chen 1987) . Nitrite is reported to cause reduction of hemolymph oxyhemocyanin in P. monodon with a concomitant increase of pO 2 and P 50 , indicating reduced affinity to oxygen (Cheng and Chen 1999) . Likewise, ammonia and nitrite toxicity in Macrobrachium rosenbergii adults and larvae have been investigated by various researchers (Chen and Lee 1997; Cavalli et al. 2000; Wang et al. 2004; Naqvi et al. 2007 ) who felt the need for their regulation for successful larval production. Other than water exchange this can be achieved only through biological nitrification, for which it becomes essential to establish a stable nitrifying bacterial system for converting ammonia to nitrate as a mitigation measure of ammonia and nitrite toxicity. Nitrate is relatively harmless to finfish and shellfish (Russo and Thruston 1991) .
In aquaculture systems, the serious issue of ammonia and nitrite toxicity can be addressed using rotating biological contactors, trickling biofilters, and fluidized bed bioreactors in RAS mode (Jewell and Cummings 1990; Nijhof and Bonverdeur 1990; Yang et al. 2001) . Among them, fixed film biofilters are commonly used for TAN removal (Greiner and Timmons 1998; Singh et al. 1999) . Recently, they have been reviewed (Eding et al. 2006; Colt 2006; Gutierrez-Wing and Malone 2006) and rating standards developed Malone and Pfeiffer 2006) . In such systems, polystyrene micro-bead packed beds are successfully used by several commercial growers (Timmons et al. 2006) .
However, for establishing instantaneous nitrification in static larval production systems, a specialized nitrifying bioreactor other than the above was found to be required. This paved the way for the development of Stringed Bed Suspended Bioreactor (SBSBR) (PCT Patent application no. 828/DEL/2000/India), a technology commercialized through M/s Oriental Aquamarine Biotech India (P) Ltd., Coimbatore, India. In this device, specially designed polystyrene and polyethylene beads have been used as the substratum for immobilizing nitrifying bacterial consortia. The reactors were activated under laboratory conditions, transported to the prawn/shrimp hatchery systems, and tested and validated for their potential for rapid setting up of nitrification.
Materials and methods

Configuration of stringed bed suspended bioreactor
The reactor has four components: (1) an outer shell of 10 cm 3 with conical bottom; (2) an inner cartridge comprising a solid frame work and beads on strings with filter plates both at its top and bottom; (3) an airlift pump at the center of the filter plates; and (4) a black lid with perforations on top. Based on a previous study by Achuthan (2000) , polystyrene and low density polyethylene beads of 5 mm diameter and a surface area of 0.785 cm 2 with spikes on the surface had been selected as the substrata for immobilizing ammonia and nitrite oxidizing consortia, respectively. On full assembly (Fig. 1) , the cartridge with beads was inserted into the outer shell and the black lid was placed on top. The beads stringed in the reactor cartridge provided an overall surface area of[684 cm 2 to support the nitrifying biofilm. This is in addition to the inner surface of the shell and cartridge framework.
The nitrifying bacterial consortia
Two ammonia oxidizing consortia, namely AMOPCU-1 (ammonia oxidizers for penaeid culture) and AMONPCU-1 (ammonia oxidizers for non-penaeid culture), and two nitrite oxidizing consortia, namely NIOPCU-1 (nitrite oxidizers for penaeid culture) and NIONPCU-1 (nitrite oxidizers for non-penaeid culture) (Achuthan et al. 2006 ) were used for activating the reactors. The consortia were acclimated to room temperature (27 ± 0.5°C) from refrigeration (4°C) in 250-ml conical flasks on a rotary shaker for 7 days, and subsequently amplified in a 2-l baby fermentor (New Brunswick, USA) at 28°C for 1 month under optimum pH (8.5 and 7.5) for ammonia and nitrite oxidizers, respectively. This was used as the inoculum for mass production in an indigenous 200-l nitrifying bacterial consortia production unit (NBCPU) under the same conditions (unpublished). A simple seawater base medium (100 ml) supplemented with 10 mg l -1 substrate ((NH 4 ) 2 Á SO 4 /NaNO 2 ) and 2 mg l -1 KH 2 PO 4 was used. The reactors for penaeid hatchery systems were activated maintaining salinity optima of 25-30 ppt, and non-penaeid systems under salinity of 10-15 ppt.
Activation of the reactors with nitrifying bacterial consortia
For activation, the lid of the reactor was removed and the void volume filled with an aliquot of 750 ml of the respective nitrifying bacterial consortium, and clamped in place of a thermostatically controlled serological water-bath as the activator. The consortia were circulated through the cartridge by operating the airlift pump at a rate of 1 l min
. For avoiding the escape of aerosols during the operation, the top of the reactor was covered with 'aerosol arrestor', a cup-shaped device made of perspex having a central hole for extending aeration tubing to the airlift pump. The media composition and culture conditions were the same as above. During activation of the reactors, substrate uptake and product formation were monitored depending on the consortia used. When the reactors were under activation with ammonia oxidizers, NH 4
? -N and NO 2 --N were determined daily as the substrate and product, respectively (Solorzano 1969; Bendschneider and Robinson 1952) . NO 3 -N was not determined during the period as the consortia used were without the potency to oxidize NO 2 --N. When the reactors were under activation with nitrite oxidizers, NO 2 --N and NO 3 -N were determined as the substrate and product, respectively, following Bendschneider and Robinson (1952) and Strickland and Parsons (1968) . During activation, the substrates were adjusted to the optimum 10 mg l -1 (Achuthan et al. 2006) . Substrate consumption and product formation, and the disappearance of the nitrifying bacterial biomass from bulk volume (gravimetric determination) were plotted against days of activation. To confirm attachment of the nitrifiers to the substratum and the reactor activation, the fluid in the reactor was drained off and replaced with sea water of the required salinity, supplemented with the substrates, and monitored for nitrification as described above.
Transportation
Prior to transportation of the activated reactors, the aerosol arrestors were removed, the black lid on top of the reactor replaced, and the medium drained off leaving about 250 ml to maintain moisture inside, then tied securely in a polythene bag. On reaching the site, the reactors were suspended from a float through a string 30 cm below the water level. Two tanks of 2,000-l capacity each were maintained, one with reactors and the other as control without the reactors.
Demonstration and validation of the reactors
Performance of the reactors activated with AMOPCU-1 and NIOPCU-1 were evaluated in the P. monodon hatchery system of Matsyafed, Ponnani, Kerala, India, and the ones with AMONPCU-1 and NIONPCU-1 in the M. rosenbergii hatchery of M/s Rosen Fisheries, Trichur, Kerala, India.
The reactors were deployed in the larval rearing tanks connected to the air supply of the hatcheries with air flow regulated using an airflow meter to 1 l min -1 . In this operational mode, water entered the reactor through the perforations on top of the black lid, passed through the cartridge, and came out through the airlift pump.
The control and test tanks (2000 l) of M. rosenbergii larval production system with 250 l filtered diluted seawater having a salinity of 15 ppt were stocked with 0.10 million mysis individually. The reactors (2 ammonia-oxidizing and 2 nitrite-oxidizing) were deployed, and physical, chemical, and biological parameters were quantified once every 3 days. Every day for 10 days, addition of 200 l filtered, chlorinated-dechlorinated seawater having salinity 15 ppt brought the water level to the maximum capacity of 2000 l. During this period, the larvae were fed with freshly hatched Artemia nauplii. It took 30 days for larvae to metamorphose to post larvae.
In the P. monodon hatchery, the same operation was adopted except for the use of seawater having 30 ppt salinity. Larvae were fed with Chaetoceros, Spirulina, and commercial Zoea/Mysis feed, and post larvae with newly hatched Artemia nauplii. During the period of larval rearing, there was no water exchange in either system. The experiment was repeated three times.
Physical and chemical parameters measured during the experiment other than the substrates and products of nitrification were salinity (Refractometer, Erma-Japan), pH (pH probe, Euteck-Singapore), alkalinity, and hardness (APHA 1998). Heterotrophic bacterial population was estimated following standard spread plate method employing ZoBell's agar 2216 E prepared in seawater of corresponding salinity. On completion of the experiment (when the post larvae of M. rosenbergii attained the stage PL 5 and P. monodon PL 15), overall survivals in both the control and experimental sets of tanks were estimated numerically. Relative per cent survival was calculated according to the equation (Gram et al. 1999 ): R:P:S ¼ f1 À ð% mortality in the tank with the reactor=% mortality in the control tank without the reactorÞg Â 100:
The validation experiments were repeated three times and the significance of variation in nitrification and larval survival rates between the control and test systems were analyzed using one-way analysis of variance.
Results
Activation of the reactors
Progress of nitrification during activation of the reactors is presented in Fig. 2 . Nitrification could be established in all reactors within 24 h of initiation of the process, and there was progressive reduction in the suspended biomass and increase in NO 2 --N and NO 3 -N in the reactors activated with ammonia and nitrite oxidizers, respectively. By the 7th day, more than 90% of the bacterial biomass had disappeared from the activation medium with a removal of 80.7 and 78.1% ammonia and 76.2 and 75.3% nitrite in the reactors meant for M. rosenbergii and P. monodon larval production systems, respectively. The average water quality parameters measured during the process in the experimental and control tanks are summarized in Table 1 . During validation of the reactors, nitrification was found established in the experimental tanks instantly and progressed rapidly from the 3rd day onwards (Figs. 3, 4) . There was significant ammonia (P \ 0.001) and nitrite (P \ 0.05) removal in both the larval production systems compared to that in the control, where ammonia oxidation was found to have set in only after 8 days of commencement of the experiment with no nitrite oxidation. Meanwhile, in the larval rearing tanks with the reactors, NH 4 ? -N and NO 2 --N were not found to have built up; instead, there was a steady increase of NO 3 -N. This proved establishment of the two-step nitrification process in larval rearing tanks deployed with the reactors. During the experiment, ammonia and nitrite concentrations in the control tanks were found to have gone up above 2 and 1.6 mg l -1 , respectively, whereas in the test tanks both were always below 0.25 mg l -1 . In both the systems, there were no significant differences in the other parameters between the control and test tanks except a slight decrease in alkalinity in the experimental tanks and the moderately higher total bacterial population in the control tanks (Table 1) .
On terminating the experiment at PL 5 in the case of M. rosenbergii and at PL 15 in the case of P. monodon, the relative per cent survival was found to be significantly higher (P \ 0.01) in the experimental tanks with the activated bioreactors ( Table 2) .
Discussion
In biological ammonia removal systems, nitrifying activity of suspended bacteria has been reported to be extremely low, due to slow growth rate and inhibition of nitrification by free ammonia and nitrite under the alkaline conditions of seawater (Bower and Turner 1981; Furukawa et al. 1993) . Without the addition of nitrifiers as start-up cultures, 2-3 months are needed to establish nitrification in marine systems (Manthe and Malone 1987) and 2-3 weeks in freshwater (Masser et al. 1999) . There is an agreement among researchers and between laboratory research and commercial applications that saltwater systems need a much longer start-up period. Under such situations, immobilization techniques have been found useful to overcome the delay in the initiation of nitrification (Sung-Koo et al. 2000) . Integration of activated SBSBRs to prawn and shrimp hatcheries was found to be an . The average TAN removal rates (g TAN m -2 day -1) reported for frequently used biofilters in aquaculture systems are rotating biological contactors 0.19-0.79, trickling filters 0.24-0.64, bead filters 0.30-0.60, and fluidized sand filter 0.24 (Crab et al. 2007 ). The average TAN and TNN removal rates of SBSBRs during the activation period were higher than the reported values.
Maintenance of ammonia and nitrite during larval rearing is crucial as they cause lethal and sublethal toxicity and plays an important role in the production of healthy and properly sized fingerlings (Fielder and Allan 1997) . Marine larval systems can demand TAN and TNN levels below 1.0 mg l -1 well below the maximum set for the oligotrophic category (0.3 mg l -1 N) (Malone and Beecher 2000) . During the validation of the reactors, TAN and TNN could be maintained below 0.25 mg l The SBSBRs described here are designed for setting up nitrification in shrimp/prawn larval rearing tanks during the operation without either water exchange or under RAS mode. The technology is relatively user friendly in the sense that they can easily be lifted out of water during disinfection and can also be shifted from one rearing tank to another. Loss of beads encountered in many biofilter systems (Timmons et al. 2006) are not experienced in the case of SBSBRs as the beads are strung together within the reactors. Moreover, the operational costs of the reactors are minimal and no energy costs are added up to the overall production cost as the aeration system already available in the hatchery are used for operating the airlift pumps. Especially, SBSBRs are meant for small-scale larval rearing systems rather than bigger systems where handling of huge quantity of water is warranted. SBSBRs can also find application during the live transportation of spawners as their survival is diminished mainly due to the ammonia they produce (Babu and Marian 1998) . The reactors are sufficiently small enough to be incorporated in the transportation containers.
